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I. INTRODUCTION
Up to the present time, the formation of blood ves-
sels has been the chief concern of embryologists inasmuch as
larger blood vessels are modified from capillary endothelium.
Capillary formation has never been specifically studied to
determine the origin and fate of the smaller blood vessels in
the adult mammal.
The first theory of blood vascular growth regulation
was proposed by Thoma in 1893. His theory succeeded in stimu-
lating others to study possible growth influencing factors and
to propound new and different theories of growth.
A clear understanding of the formative and growth
processes of the smaller blood vessels provides an essential
basis for comparative studies of the phenomena of degeneration
and regeneration. Viewed from the practical point of view,
the degenerative and regenerative processes may range in
severity from a slight contusion to the permanent endothelial
damage produced by atomic radiation, but in every case the
effect concerns primarily the capillary pattern.
It is hoped that no fundamental work has been over-
looked in this review of literature, which has been planned
to serve as a foundation for future investigation, particu-
larly for a study of capillary degeneration and regeneration,
which is being planned by the author.
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II. FGRIATION
A. Embryonic origin of blood vessels
The larger blood vessels of the adult animal have been
clearly defined as having their primary differentiation from
embryonic capillaries of nearly uniform diameter (Kendall 1240,
Bremer 1936, Jordan 1937, Maximov: and Bloom 1938). Embryo-
logical work has been directed toward a study of the secondary
differentiation of these vessels through modifications which
transform the single-layered endothelial wall into the cellular
pattern of artery and vein. No distinction is made between
the formation of those embryonic capillaries which later be-
come modified to serve as veins and arteries, and those which
remain as part of the adult network of capillaries. In the frog
and chick embryos the circulation is complete at the time of
hatching (Huettner 1941), with a capillary network for trans-
porting metabolic products to and from the tissues. Conse-
quently, it may be reasonable to assume that the permanent
capillaries are indistinguishable in their embryonic stage
from those which are later specialized into larger blood ves-
sels.
The question arises as to where, when, and how in the
course of embryonic development the first appearance of endo-
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thelium, an essential constituent of capillaries, is observed.
In meroblastic ova the blood vessels appear earliest on the
yolk-sac; then during a later stage of development appear in
the body-axis of the embryo (FcClure 1921). This vascular
tissue which makes its primary appearance on the yolk-sac was
termed "angioblast" by His. The essentials of the Angioblast
Theory of His are as follows: first, the angioblast is a
specific tissue originally localized on the yolk-sac; second,
this local unit vascular anlage through a continuous growth
process produces the intraercbryonic endothelium; third, vessels
of the body-axis, therefore, must be derived from pre-existing
endothelium.
The theory that has gained wider acceptance is the Local
Origin Theory (Reagan 1917). According to this view, vascular
tissue may arise in almost any body region due to the trans-
formation of mesenchyme. Pre-existing endothelium need not
necessarily be the sole source of intraembryonic endothelium,
although the possibility exists. Furthermore, single mesen-
chyme cells may form vascular cavities of endothelium through
alignment and migration. Already formed cavities of endothe-
lium, solid cell aggregates, single mesenchyme cells may by
addition cause an increased amount of endothelium. Also, exist-
ing endothelium may proliferate to form an additional amount.
It is postulated that, even relatively late in ontogeny, new
production of vascular tissues may occur in intraembryonic
regions, mesenchyme may transform into endothelium, and endo-
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thelium may transform into mesenchyme.
Experimental methods used in studying the endothelial
problem are as follows: first, the injection method; second,
sectioning of uninjected embryos and injected embryos; third,
living embryo studies; fourth, independent development of
isolated embryonic parts; fifth, chemical treatment of embryo;
sixth, vital staining method, which consists of the production
of an endothelial reaction in the living embryo by colloidal
acid dyes. The use of the injection method fails to reveal
incomplete vascular spaces, disclosing only those pathways,
the walls of which are already completely fused (McClure 1921).
The method of sectioning serially injected embryos was resorted
to next. Sabin, Evans and Minot (1911), and Bremer (1912)
favored the angioblast theory. The development of the yolk-sac
blood vessels in the living chick embryo was first studied by
Y/hipple and McWhorter (1912). No continuity v;as observed be-
tween the endothelium of the yolk-sac and the body axis of the
chick. Their studies showed that the concrescence of locally
formed anlagen resulted in the formation of intraembryonic
blood vessels.
Huntington (1914) studied disconnected embryonic anlagen
and favored the theory of in situ mesenchymal origin, and his
findings were corroborated by Schulte (1914) and Bremer (1914).
Bremer modified his earlier angioblast theory claiming that
mesenchyme would grow as solid cords of cells from one of mny
sources of origin which might be in the intraembryonic tissue.
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Miller and McWhorter (1914) using the method of independent
development of isolated embryonic parts found that intraem-
bryonic blood vessels arise locally within the embryonic
body-axis.
Blood vessel experiments since 1914 have tended to sub-
stantiate the local origin theory, with little conclusive
evidence for the angioblast theory. Stockard (1915) observed
vascular development of the endothelium arising in many parts
of the embryonic body in situ, after chemically treating living
tele os t embryos so that the vascular development had been ar-
rested. Blood-vascular channels were seen to be the result of
the migration from the body-axis to the yolk-sac of mesenchyme
cells in the living embryo of Fundulus. Reagan (1916) and
McClure (1916) used Stockard' s chemical method to find discon-
tinuous anlagen; then, Sabin (1917) changed her position in
favor of the local origin theory, which she had previously
opposed.
The local origin theory is accepted today, while the an-
gioblast theory is of historical interest only; but it is in-
teresting to consider the influence the angioblast theory has
had on terminology. There is a similarity of this theory to
present theories of growth processes. Also, as an indirect
result of this theory conflict, better experimental methods
of vascular study have been developed. While the vital stain-
ing method is of no use in a study of early formation when
definite channels are not yet established, this method has
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6proved to be best for studying the lymphatics • Furthermore,
it may be possible at some future time to develop a vital
staining method useful to determine whether or not any of the
capillaries of the living embryo persist as such in the mature
animal*
The histogenetic process of microvascular formation in
the embryo is not clear, Sabin (1917, 1919) is not satisfied
v/ith the tern "blood- island". (The term refers to the masses
of vaso-formative cells visible even before the first somite
in the area opaca of the chick.) Sabin limits its use to
those cells producing hemoglobin and becoming free red blood-
cells. She further states that blood-vessels arise by angio-
blast1 differentiation, and that the blood-vessels arise not
from between them, but rather within them. This corresponds
to the teachings of Foster and Balfour (1902), who stated
that the blood vessels are hollowed out of the protoplasm of
the cell, and do not arise as spaces or channels between
adjacent cells. Modern workers agree that the differentiation
of isolated vascular spaces is the first stage in vessel forma-
tion. Continuous vessels of uniformly large diameter are form-
ed by the union of adjacent spaces (Hughes 1935). Cells of an
already formed endothelial space proliferate from the wall to
form a sprout. These sprouts join together the first vessel
spaces. The lumen of the parent vessel extends to fuse with
1. Sabin suggests that the term "angioblast" refer to those
primitive masses which first produce endothelium and plas-,
ma before red blood cells originate from the "blood- islands.
.:
’
:
.
-
.
.
.
.
"> J
'
'
'
:
.
.
. .
small vacuoles appearing within the sprout, thus developing
the lumen of the sprout. The vessel lumina become smaller in
diameter, and the elongation of the vessel promordia becomes
greater. This is the first indication of a regulator mechanism
for the differentiation of endothelium into the permanent
capillary.
In general then, vascularity of the embryo is first seen
along the inner edge of the area opaca, but not in front of
the area pellucida. The microscopic appearance is in the form
of tissue blotches called blood- islands, from which the blood
vessels and blood corpuscles are derived (Jenkinson 1925).
Each blood- island is made up of cells, the outermost layer of
which arranges to form a thin flat epithelium. This epithe-
lium becomes the capillary vessel endothelium, with those cells
enclosed becoming the corpuscles. Cavities are formed between
the cells by secretion of fluid; and the lumen, inside which
corpuscles float freely, is formed by the fusion of the cavi-
ties. The network of vessels of the area vasculosa is formed
by the anastomosis of blood- islands. The vessels of the area
vasculosa soon join others formed in the area pellucida.
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Formation of a Elood-vessel (E) from a Blood- island (A)
(After Jenkinson)
Above :Elood- island (A).
Below: Elood-vessel (B).
\so.
b., blood- island; b.v., blood-vessel; ec., ectoderm;
so., somatopleure : c., coelom; sp., splanchnopleure
;
y.sy.
,
yolk- syncytium; y.s.ep., yolk-sac epithelium.

Comparative survey of blood vessel development
in certain vertebrates
In the frog, blood vessels formed from mesenchyme cells
or from the splanchnic mesoderm enveloping the yolk cells,
i
appear in all parts of the embryo after the rudiments of the
heart have been laid down (Huettner 1941). The blood islands
which acquire lacunae and differentiate into endothelium and
blood corpuscles by delaminating from blood island walls are
seen in the splanchnic mesoderm of the 4.6 mm embryo. As the
number of blood islands increase, the capillary network be-
comes complete on both sides of the body.
In chick embryos of twenty hours of incubation a mottled
appearance of the area vasculosa is observed (Huettner 1941).
Clusters of cells within the mesodermal sheet, and resting on
the underlying yolk mass, constitute the blood islands in their
earliest stages. Within ten hours of further development cavi-
ties evolve isolating the central cells from the peripheral
cells. These peripheral cells are the ones which form the
endothelium of the vessel by anastomosing with each other to
form the capillary network. Even in the thirty-three hour
chick the blood is not ready for circulation, perhaps because
the intra-embryonic circulation is still not completed. The
intra-embryonic circulation may be followed in embryos of
thirty-seven to thirty-nine hours of incubation. The vessels
are well defined in transverse sections through the head region,
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9but further back along the body axis they become lost as fine
capillaries in the area vasculosa.
The original vessels have narrow lumina at first (Hughes
1935), the size depending on the relative influence by the
primary formative and growth processes upon the vessel network.
The elongation of vessels increases the size of the lumina.
When the circulation begins, the flow is mainly restricted to
the largest vessels which offer least resistance. The vessels
differentiate antero-posteriorly, as well as from the area
opaca to the area pellucida. McWhorter and Whipple (1912), in
a series of photographs, recorded the first appearance of
vessel primordia in the area pellucida between the stages of
three to six somites. These isolated vascular primordia were
first observed at the pellucida margin, and then nearer the
embryo.
Prior to 1914 the first blood vessels in man were believ-
ed to have origin in the yolk-cac. In studies of two 1 mm
human embryos Bremer (1912) reconstructed continuous nets,
composed of angiocysts and solid cords. The vascular system
was formed in part by " irregular spaces'*. Nets extended
throughout the chorion, chorionic villi, and body-stalk of
each embryo. In one embryo the net anastomosed at one point
w'ith a similar net in the yolk-sac; in the other no anasto-
mosis was visible.
Grosser (1927, 1931) was the first to study carefully
the mesothelium, which is the epithelial layer of mesodermal
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cells forming the coelomic surface of the yolk-sac and of the
body-stalk in the human embryo* He found that the mesothelium
ended abruptly at the junction of chorion and body-stalk. The
vascular anlagen in both of these embryos may be considered to
be a net of angiocysts and solid cords; and the blood vessels
arise before and independently of those on the yolk-sac. Bremer
(1914) suggests that the blood vessels originate from ingrowths
of the mesothelium. They have the form of separated cords,
angiocysts, or blood islands, and become connected by sprouts
of endothelium. These sprouts extend as a net along the
chorion, Angiocysts may be formed as enlargements of these
sprouts, and the sprouts connect later with the yolk-sac vessels.
Each chorionic villus is differentiated into a basal part
with a mesodermal core, a distal part composed of loosely ar-
ranged cell columns, and an intermediate part, with more regu-
larly arranged cells. Developing blood vessels are found in
the mesoderm of the base of the villi (Gladstone and Hamilton,
1941). The mesoderm of the basal segment contains angioblastic
tissue which has advanced to a stage of capillary formation.
The lumina of capillary vessels are formed by the fusion of
intracellular vacuoles, and no blood corpuscles are as yet
present in these capillaries. In this situation, the vessel
walls are not formed by the union of flattened outer cells of
blood islands, since no blood islands are present in the wall
of the chorionic vesicle. The macaque embryo, as described by
Wislocki and Streeter (1928) shows essentially the same develop-
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ment as in man.
Prentiss (1915) described the hollowing out of solid
cords of angioblasts in the human embryo . The peripheral
cells formed the endothelium of the primitive vessels; the
inner cells persisted as the mesamoeboids of Minot or primi-
tive blood cells. Isolated vascular spaces united forming a
vascular network in the wall of the yolk-sac, known as the
area vasculosa. Here aggregations of blood cells form blood-
islands.
Sabin (1917) studied a fourteen somite pig embryo and a
nine somite chick embryo which she injected. The injection
method is useless for observations during that period when
blood islands form the vascular pattern, so she employed the
injection method in mammalian embryos with a completed circu-
latory system. Since the injection method is useful once the
circulatory system is complete Reagan (1926) has developed a
modification of the Spalteholz method for clearing tissues
which has the advantage of better suitability for direct light
study and little tendency to change color. By employing this
method of injecting, bleaching, dehydrating, and finally clear-
ing tissue in a mixture of benzyl benzoate and oil of winter-
green to which has been added a very slight trace of beechwood
creosote, Reagan (1926) has succeeded in studying some of the
earliest blood vessels of the mammalian embryo. His observa-
tions parallel those described for uninjected embryos.
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B. In embryo with heart removed
The heart may be thrown into a tetanic state by treatment
with potassium chloride. Loeb (1893) tried this method on
Fundulus eggs and some blood vessels formed. This was con-
firmed by Stockard (1906, 1915), but the vascular development
was not normal. Knower (1907) removed the heart by excision.
These experiments resulted in the development of irregular,
distended and generally abnormal blood vessels.
Presumably as a result of hereditary influence, consider-
able development of the vascular system has occurred prior to
the beginning of the blood circulation. An indifferent network
of capillaries is present in the extra-embryonic area and the
sinus terminalis (Lillie, 1908). In the chick, there are about
twelve somites in the thirty-third hour of incubation (Sabin
1917), the heart beat starts at about the ten somite stage,
and the circulation begins at the fifteen or sixteen somite
stage. When the embryo of sixteen to twenty-four hours incuba-
tion is injured, by burning with a cautery or cutting, suf-
ficiently to prevent further development, then extra-embryonic
blood vessel growth continues in a manner similar to that
following heart removal.
Removal of the embryonic heart by surgical methods fur-
nishes an indirect means of determining whether blood pressure
increase in the capillary area leads to the new formation of
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capillaries. Chapman (1918) removed the chick heart before the
circulation was established so that the vascular system of the
area vasculosa could then be observed without the blood pres-
sure factor. In successfully operated chicks the vessels be-
came filled with red blood cells. In none of the operated
embryos were any vessels found which could be definitely
identified as one of the larger veins or arteries (no embryo
lived longer than nine days). Chapman, studying an unoperated
chick embryo which developed abnormally, observed a fairly
uniform capillary plexus without any circulation.
In all of Chapman’s surviving operated chick embryos, red
blood cells filled the vessels of the extra -embryonic region.
In the later stages, the injection method showed a narrowing
and retraction of the vessels. It is certain that the area
vasculosa continues to grow and expand.
Exactly how much vascular development takes place inde-
pendently of the circulation still remains to be determined.
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COMPARISON OF OPERATED CHICKS WITH
NORMAL CHICKS AT THE TIME OF
OPERATION AND LATER
(AFTER CHAPMAN)
Specimen Length Width Remarks
mm mm
Area vasculosa 33 hrs. 20 18 Normal chick
M ii 106 ti 38 29 Operated "
it ii 105 ii 70 60 Normal "
it ti days 40 40 Operated "
ii ii ti 130 70 Normal "
Embryo
, 4* ii 6 Operated "
n it 7 Operated "
ii 4* ti 13 Normal "
The growth of the area vasculosa ie less than half as
rapid in the operated as in the normal chicks. This was ob-
served in the embryo, also. There was a tendency for the area
vasculosa to grow out at certain points sooner than at others.
Usually growth occurred posteriorly from the embryo.
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C. In vitro
Highly differentiated tissue is formed by cells which
possess and retain the ability to take part in the formation
of such tissue. This is one explanation for the redifferentia-
tion of capillary cells into capillaries in vitro (Huxley and
DeBeer, 1934). Oppel and Roux (1910) offer a functional
interpretation of this subject of blood vascular differentia-
tion. Hueper and Russel (1932) observed the development and
growth of "capillary-like formations" in tissue cultures of
leucocytes. Recent workers have stressed the importance of
leucocytes in tissue cultures of this kind. Lewis (1931) and
Parker (1938) have studied the development of capillaries in
vitro.
Carrel and Burrows (1910) reported two cell stages which
are typical of tissue cultivation in general. Growth first
appears on the edge or the surface of the specimen as small,
regular granulations. These granulations consist of the cell
cytoplasm, nucleus and nucleoli.
The first cells to appear are of the spindle type, radi-
ating from the tissue fragment through the plasmatic medium.
These spindle cells are probably derived from the connective
tissue framework. The other cells which appear at the same
time or generally a little later are multipolar or polygonal
in form. Their morphology is specific for each tissue, and
they seem to be of epithelial nature. When a tissue culture
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was inoculated with a fragment of arterial sheath, palm-like
cells appeared three days later at the edge of the tissue and
ramified through the culture medium ending in spindle cells.
Growth stopped entirely after a few days and was not at any
time very vigorous. The cultivation of blood vessel cells in
vitro (Lewis 1931, Parker 1938) showed the general characteris-
tics observed in the first cell stage, namely the outgrowth
of radiating spindle type cells.
Carrel and Burrows (1911) in a study of the technique of
cultivating adult and embryonic tissues in vitro favored the
plasmatic medium as the optimum for tissue growth. They found
artificial media useful only in the cultivation of embryonic
tissues. Lewis (1931) successfully employed artificial media
to observe the outgrowth of endothelium and capillaries in
tissue culture; but, while in vitro cultivation can be carried
out on artificial media, consideration must be made of the fact
that the extent and duration of growth is much less than in
plasmatic medium, and that chemical components of the artifi-
cial medium, may be harmful to the cells. For example Carrel
and Burrows have shown that pure sodium chloride solution is
harmful to the cells. The role of endothelial cells in blood
vessel formation was observed by Lewis (1931) in Locke-bouillon
dextrose cultures of skin and subcutaneous tissues of seven and
eight day chick embryos. Endothelial and capillary outgrowths
began as small projections from the explants. These outgrowths
which were probably all derived from capillaries and blood ves-
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sels existing within the explants, formed various sorts of
solid strands and tubular capillary-like plexuses of varying
proportions. The plexus formation was accompanied by the
peripheral migration of endothelium and of capillaries. Often
single cells, short or long strands, or capillaries became
separated from the explants by migration. Frequently there
was an increase in cell numbers by mitotic division. Mesen-
chymal outgrowths always preceded the endocapill&ry outgrowths
In capillary formation and growth in tissue cultures it
is important that the factors such as blood streaming, the
lack of blood pressure, and the general regulating influences
be considered in the total effect. However, the endocapillary
plexuses are surprisingly extensive and similar to those of the
embryo. In general the more delicate strands and vessels are
at the periphery of the plexuses. Lateral branches or the main
trunks anastomose to form plexuses of endocapillary outgrowths.
Solid strands appeared which varied from one to several
cells in thickness. Small lumina developed within some of
these solid strands. The lumina were far from a capillary
and contained no blood cells. One explanation offered by
Lewis is that the lumina of the strand were originally con-
nected with some capillary lumen and became separated by
migration of the strand. Another is that closely applied
endothelial cells secreted fluid or plasma between themselves,
or else vacuolization may have occurred within the cells.
Dead or degenerating blood cells were contained in most
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of the capillaries. New blood cell formation did not occur in
the endothelium or in any other part of the tissue. Those
blood cells which were present had been inside the blood ves-
sels of the explant, and had flowed out into the culture medium
Capillary lumina were completely isolated from others to
which they had formerly been connected. Those capillary lumina
containing blood cells were continuous at one time with those
of the explants.
The length of the life of the culture is usually not more
than two weeks. The endocapillary plexuses appear in from
one to five days; however, many of these plexuses disappear
before other cells. The endothelial cells do not necessarily
become mesenchyme cells, although they wander out among them,
and their fate can not be determined with clarity.
Two interesting features of endocapillary outgrowths
were observed by Lewis (1931). First, in the absence of any
blood pressure or circulation, plexuses of strands and capil-
laries were formed, seemingly due to something inherent in the
structure and metabolism of endothelial cells. Second, capil-
laries containing blood cells and blood plasma migrated outward
through the mesenchymal meshes as if solid ameboid growing tips
were pulling the capillaries. The peripheral capillary part
may separate due to the pulling and stretching which thins the
capillary until the lumen becomes obliterated.
Lewis suggests an analogy between the developmental spread-
ing of capillaries in the embryo and in wound healing. It may
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be that capillaries as such grow out into healing wounds and
non-vascular areas of the embryo as well as endothelial sprouts.
He further suggests the early differentiation between endothe-
lium and mesenchyme at the primitive streak stage.
Parker (1934) studied the ability of various kinds of
isolated blood cells to form organized vessels in vitro. Blood
cells from the carotid of adult chickens were placed in a plasma
substratum and incubated. They proved capable of forming tubu-
i
lar, organized processes which projected into the surrounding
medium. Bed cells initiated tubule formation. The leucocytes,
especially the thrombocytes, were responsible for the fibrillar
walls of the tubules, that were eventually covered by a mem-
branous layer of leucocytes. If the medium become coagulated,
then the length and diameter of the tubule remained fixed.
Ordinarily blood cells suspended in fluid were found within
the lumina. The physical and physiological peculiarities of
the cells, and the nature of the medium may have constituted
a basis for the phenomena.
The capillary-like formation in blood cell cultures in
vitro is analagous to the formation of vessels in organisms.
Moreover, the manner of formation in vitro suggests that it is
the result of an orderly sequence of physiochemical and physio-
logical events, (Parker 1933, 1934). Such an exact sequence
of events may well be present in the formative processes of
the organisms.
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III. GROWTH
A. "Normal" growth processes and
changes in vessel structure
There is a general agreement that the growth of the vas-
cular system is accomplished by the sending out of endothelial
sprouts which anastomose with neighboring sprouts to form a
primitive capillary network. Golubew (1869), Arnold (1871),
Rouget (1873), Clark (1909, 1918) and many others have observed
this growth from preexisting endothelium in the transparent
tails of living amphibian larvae, Clark (1918) studied the
same region day after day in the tail of a tadpole and observed
new capillaries growing out from the main dorsal and ventral
longitudinal blood vessels at the base of the tail. The axolotl
largae have a delayed vascular formation in comparison to other
amphibian forms; however, Clark and Clark (1930) observed
the same process of endothelial sprouting as in the frog larvae.
An elevation on the wall of a preexisting capillary, which
then extended as a solid filament, was the first indication of
capillary growth (Clark 1918), In some cases the growing tip
was seen to be threadlike or pronglike, and very gradually
over a period of hours changed its form and position. Often
the growing tip was withdrawn and then sent out in another
direction. The lumen at the base Of the tip gradually advanced
into it as the tip elongated, forming a lumen continuous with
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that of the parent vessel.
The capillary sprout grows between stellate connective
cells. It continues to advance in a straight line until after
a varying distance it will begin to curve and continue to grow
until it meets a similar new sprout from an adjacent blood
vessel, or a fully formed capillary. An anastomosis is formed
by the fusion of the two sprouts, or the second capillary and
the new sprout. A new capillary loop is formed when the solid
portion of the new sprout acquires its lumen. In most cases
this occurs within a few hours.
A nucleus may or may not be contained within the solid
tip of the growing capillary. The nuclear area is pulled
along with the extending tip when the sprout originates in the
region of an endothelial nucleus. Endothelial nuclei of the
parent capillary are seen to migrate along the wall of a new
sprout until it reaches the solid terminal portion and merges
with it. Some of this nuclear material separates eventually
to migrate and remain as a thickening on the new capillary
wall. The endothelium sends out and withdraws processes ex-
tending varying distances, while the nuclear areas change fre-
quently in form and position. Clark (1912) believes this to
be strong evidence for a syncytial endothelium.
In regions where long sprouts extended, indicating rapid
growth, few nuclear areas were found. Nuclear divisions were
frequently seen to occur within a few hours in the new sprouts
as well as in the neighboring parent vessels.
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The newly formed capillaries have a wider caliber than do
the older circulating capillaries, and the endothelium is deli-
cate and easily distensible. (Clark and Clark, 1926). The
endothelium of the new capillaries becomes thicker in about
forty-eight hours after growth, and although the blood flow
through them increases, they maintain a more uniform caliber.
The endothelium thickens, withstands greater applied pressure,
and acquires tonicity. Growth increases the length of capil-
laries after circulation has started (Clark 1918). The
arterioles of the tadpole do not develop smooth muscle cells
on their walls, but adventitial cells develop on the newly
formed capillary walls (Clark and Clark, 1925). Stellate con-
nective tissue cells transform into the majority of the extra-
endothelial cells. A day or two after their formation the
capillaries of amphibian larvae acquire active contractility,
but the adventitial cells remain inert in regard to contractil-
ity (Clark and Clark, 1925, Zweifach 1934).
In the mammal, new capillaries in the adult resemble those
of amphibian larvae in their general mode of growth (Clark 1933).
There is an out-pocketing of the endothelium of a capillary
with an active circulation. This is followed by the extension
of a solid sprout which ends blindly and which contains a lumen.
The lumen advances progressively forming a continuous connec-
tion with the parent vessel (Clark and Clark, 1939).
In the manner similar to that seen in the tadpole's tail,
neighboring sprouts or a single sprout formed an anastomosis
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with an adjacent capillary to produce capillary loops. Clark
and Clark also observed the migration of endothelial nuclei of
the parent vessel into the sprouts, as well as mitotic divi-
sions of the endothelial nuclei. The endothelial nuclei had
continual changes in form and position; the endothelial cells
formed and withdrew transient endothelial processes. Further-
more, newly formed mammalian capillaries exhibited lack of
strength and a relatively wide caliber during the first twenty-
four to forty-eight hours after a slow circulation began in
them. One to two days after their formation the strength and
tonicity of the new capillaries increased. The endothelial wall
became thicker, the caliber of the vessel narrower, the walls
stralghter, and the circulation more rapid (Clark 1918, San-
dison 1928)
.
During the period of active new growth, the chief dif-
ference between the process in the amphibian larvae and the
capillaries of the rabbit was a quantitative one. The new
sprouts and anastomoses were more numerous in the rabbit's ear
than in the tadpole’s tail. There was also a difference in
the character of the extra-vascular tissue present in the
growth area.
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Relationship of smooth muscle and
endothelial cells, "pericytes' 1
,
and nerve fibers
Newly formed capillaries in the living mammal have cells
resembling fibroblasts adhering to their walls. These cells
remain as "pericytes" which exhibit no contractility (Clark
and Clark, 1939), Spontaneous active endothelial contractions
such as are noted in amphibian capillaries are not seen in
rabbit capillaries. Smooth muscle cells which come to be
present on the wall of small blood vessels make their first
appearance after the primitive ameboid mesenchyme cells have
developed fully, and when an increased flow of blood has in-
creased the diameter of the vessel (Zv/eifach 1937). The dis-
tribution of smooth muscle cells is determined by the inten-
sity of the blood flow and the width of the vessel. The nar-
rower the vessel, the more widely spaced are the muscle elements.
In the "a-v" bridges of small arteriolar blood vessels described
by Zweifach, the muscle cells appeared thin and occurred close
to the endothelial cells, and after vital staining with Janus
green or methylene blue, myofibrils were faintly visible.
Vimtrup (1922), Zimmermann (1923), and Schaly (1926) claimed
that muscle cells can be traced onto each capillary. Smooth
muscle cells do not usually occur on the distal two-thirds of
precapillaries, on the true capillaries, or the post-capillaries
(Zweifach 1937).
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The characteristics of growing endothelium have been ob-
served by Sandison (1931) and by the Clarks (1925) to be simi-
lar in the rabbit and in amphibia. The areas of the endothelial
nuclei are large and varied in shape. They may almost oblit-
erate the lumen by bulging, or form outward bumps on the vessel
wall. As growth continues, the endothelium of the older vessel
differs from its former appearance (Sandison 1931). The inward
or outward bulging of the perinuclear regions becomes less.
The endothelial nuclei are migratory in nature. In amphibia
they are never present in the same spot for any great length
of time (Clark 1912); in the rabbit, they travel along the
vessel wall in all directions (Sandison 1931).
Maximow has concluded that endothelial cells may transform
into cell types indistinguishable from fibroblasts, or may be-
come desquamated and persist thereafter as pericytes. Pericytes
are acquired after single or double strands of endothelium have
been formed by the budding of growing capillaries (Michels
1936). Connective tissue cells participate in the formation
of oblong pericytes. No morphological or functional criterion
is available to distinguish a pericyte from a pericapillary
fibrocyte, a sloughed off endothelial cell, or an undiffer-
entiated mesenchymal cell. Both fibroblasts and endothelial
cells have a similar chromatin appearance; the presence of
dark nucleoli in the fibroblasts is the chief distinguishing
characteristic. Michels and others have suggested that the
term Rouget cell should be dropped; for in distinguishing be-
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tween Rouget cells and pericytes, Krogh (1929) and Vimtrup
(1922) probably called the circular muscle cells on precapil-
lary arterioles, Rouget cells. Outlying mobilized mesothelial
cells, desquamated endothelial cells, and lymphoid cells may
generate pericyte cells. Phagocytosis has been carried on by
the inner pericytes (Michels 1936). Intracellular myofibrils
are never found in pericytes, nor do they possess tapering
processes which encircle the vascular tube.
Clark and Clark (1940) studied pericytes which they termed
11extra-endothelial" cells. They found that these cells were
identical on the capillaries of amphibia and mammals. "Extra-
endothelial" cells were formed at the time when stellate con-
nective tissue cells were invaded by growing capillaries with
an active circulation. The mode of development of these cells
was harder to observe in the mammal than in amphibia because
of the greater density of intervascular tissue. In the stage
of active formation of capillaries the fibroblasts attached
themselves rapidly to the outer walls of blood vessels. As
the growth process continued, the cell became flattened, its
processes shorter, and came to lie closer to the endothelium.
During these early stages the cells were capable of amoeboid
movement. Occasionally an increase in the number of cells by
mitotic division was observed when there was a steady flow of
blood through the vessel. Typical pericytes were formed as a
result of the division; however, the number of pericytes were
found to be consistent over a length of time in most of the new
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capillaries. The Clarks and their workers never saw one of
their "extra-endothelial' 1 cells contract. An investigation of
capillary innervation (Lutz 1842, Fulton and Lutz, 1942) has
shown that stimulation of individual pericytes does not cause
contraction of small blood vessels. When they stimulated
minute nerves with a micro-electrode, small blood vessels
showed spatially limited vascular responses. They suggest
the concept of smooth muscle motor-units in small blood vessels
Cells very similar in appearance to Rouget cells have been
observed on the blood vessels of Nereis (Retzius 1905). Like
Rouget cells they stain selectively with methylene blue, have
the same general form and structure, and rest on the outer
blood vessel wall. Their contractility has not been ascer-
tained, although Retzius saw a nerve supply to them. Federighi
(1928) found the endothelium of the blood vessels of Nereis to
be actively contractile. Further observations of the small
blood vessels of invertebrates may or may not reveal a similar-
ity to the vascular processes of vertebrates.
The embryonic blood vessels appear in the septa between
the myotomes as they develop in the salmon (Jones 1935). The
blood vessels form loops which are independent of the loops of
the nerve plexus. The blood vessel loops lie close to the
embryonic axis and are continuous with the segmental vessels.
At this stage, the terminal loops show no cellular structure,
but a developing nerve mechanism exists in the neighborhood
of the vessels. Innervation was reported by Jones to take
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place previous to the appearance of a contractile mechanism as
well as to the development of a cellular vascular wall. Nuclei
appear within the meshes of the reticulum to give the wall of
the vascular tube its first cellular character. Jones believes
a syncytial formation is present here with the nuclei free to
move about. He could not discover the process whereby the
union of contractile element and nerve mechanism takes place.
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Behavior changes end vascular pattern
of ’’normal" tissues
In the capillaries which had formed by new growth into a
transparent chamber inserted into the rabbit’s ear, pulsations
were visible* These pulsations caused bulging of the endo-
thelium; and rouleaux were formed by the forced accumulation
of erythrocytes into the newly opened lumen at the base of the
sprouts* In this type of preparation even when there was no
external strain or pressure a few blood cells were occasionally
forced through the capillary walls* Following spontaneous
changes in blood flow the bulbous end of a growing capillary
alternately expanded and relaxed in the manner of a balloon
(Clark and Clark, 1939).
Spontaneous increase in blood flow produced widening of
the vessels, and diminished flow' brought about narrowing of
the vessels. The capillaries of the rabbit exhibited no active
spontaneous contractions of the endothelium like those seen in
the capillaries of amphibia (Clark and Clark, 1932, 1933). In
contrast to the behavior of larval amphibian vessels, the ves-
sels of the rabbit's ear appear to have a contractile power
which is definitely specialized, and with active spontaneous
contractions limited to vessels with a muscle and nerve supply
(Clark and Clark 1939).
Relative changes of the intervascular tissue are signifi-
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cant to an understanding of growth changes in the blood vessels
themselves. The differentiation of intervascular tissue can
be observed best in the mammal by means of the transparent
chamber (Clark and Clark, 1939). The new capillary sprouts
begin growth by extension into a matrix of fibrin and scattered
blood cells. Fibroblasts and some macrophages migrate along
with the growing sprout. The fibrin outside the vessel dis-
solves forming a clear space around the new vessel. This space
is filled with fluid, a gelatinous substance, and sometimes a
few fibroblasts, macrophages or blood cells. The original
fibrin net remains visible for several days, after which the
strands thicken and shorten to be finally ingested by macro-
phages. Within two weeks fibroblasts begin to invade the area.
This is the time when adventitial cells become numerous on the
capillaries.
In chambers free from external stresses the pattern of
the regenerated plexus became stable with little variation
except for caliber changes. After a sudden increase in cir-
culation, direct connections formed between arteries and veins,
arterio-venous anastomoses (Clark and Clark, 1934). The in-
crease in the blood flow caused a rapid increase of pericytes
on the anastomoses, with the new cells shifting to a circular
arrangement. A decreased circulation caused a reversion of
the cells to a longitudinal arrangement, some detaching and
disappearing.
While the above observations are highly significant in
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so far as characteristic behavior changes are concerned, the
vascular pattern of "normal" tissues is better studied in
living "preformed 11 blood vessels. Observation of living "pre-
formed" blood vessels as seen in the transparent chamber in-
serted into the rabbit's ear is highly significant, for "pre-
formed" preparations afford a means of assuring an intact nerve
supply and normal surrounding tissue. The larger blood vessels
become adapted to the new environment of the transparent cham-
ber, becoming stable after ten days. Clark and Clark (1932)
have observed three changes which take place in the "preformed"
stabilized vessels. First, spontaneous rhythmic contractions
of arteries occur, and these contractions have a great in-
fluence on regional blood distribution as well as on determin-
ing the direction of blood flow in a given vessel. Second,
normal arteriovenous anastomoses occur. These are extremely
contractile, influencing the circulation. Third, the smaller
blood vessels are extremely labile. The very slightest en-
vironmental alteration is sufficient to stimulate their ten-
dency to form new capillaries or to cause the retraction of
others. The new growth process of mammalian blood vessels
shows capillary sprouts and loop formation, enlargement of
certain vessels and retraction of others. A constant remodel-
ing of the mammalian vessel pattern is characteristic.
What Krogh terms "plasma skimming" or leucocyte skimming
is frequently observed in cross-connecting vessels if no
active circulation is present. The pulsations seen in the
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capillary sprouts diminish considerably as growth progresses
(Sandison 1928).
i

B. Effect of experimentally induced
physio-chemical factors
Heat and cold
The reactions of growing blood vessels to temperature
changes were studied in the transparent chamber in the rab-
bit's ear by Sandison (1932). A thermometer placed a few
millimeters above the part of the ear receiving the greatest
amount of heat measured the temperature. The temperature was
raised to 37° C. by regulating the distance of an ordinary
60-watt electric light bulb. By placing sponges dipped in ice
water on the surface of the chamber, the temperature was
lowered to 20° C.
With applied heat the circulation became faster and more
regular. When a temperature of 37° C. was attained, the speed
was very rapid and the flow was regular, as observed by Sandi-
son. The speed in the veins became almost as fast as in the
arteries, and a general pulsation of the vessels was seen.
Bhythmical contractions which had occurred prior to applica-
tion of heat were not seen so frequently; and when they did
occur, their duration was greatly lessened. On removal of
the light bulb the normal circulation was resumed once more
at room temperature.
At a temperature of 37° C. Sandison (1931) noted a col-
lection of leucocytes sticking to the walls of blood vessels
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and emigrating through their walls. This was observed by
applying a constant external heat for six hours. About ten
minutes after the heat application, leucocytes began sticking
to the capillary walls. Some began to emigrate, and these
cells almost lined the endothelium resulting in a narrowed
lumen and a more rapid blood flow.
At the end of six hours, the heat was removed and the ear
was allowed to cool to room temperature. The circulation be-
came normal again in a few minutes. Apparently due to a loss
of stickiness, one or more of the leucocytes broke away at a
time so that most of them had left the capillary wall within
an hour. Some of the leucocytes transferred themselves to
other capillaries; others returned to the blood stream, but
oddly enough no leucocytes were seen sticking to the endothe-
lium of the straight precapillary.
When the temperature was reduced (Sandison, 1932), all
circulation in the chamber stopped, the branches of the larger
arteries remaining completely contracted. The arterioles
usually remained slightly dilated, so that the contraction of
the artery seemed to be responsible for the developing stasis.
The capillaries remained more completely dilated than at any
other temperature. With lowered temperature the rhythmic con-
tractions of the arterioles disappeared. At room temperature,
the circulation in the ear returned to normal.
The rate of growth of vessels into the transparent chamber
of the rabbit was seen to be faster at higher temperatures
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(Clark and Clark, 1939), At room temperature the average rate
of growth was 0.25 mm per diem. The average rate increased to
0.60 mn per diem in warm weather. Throughout the period of
vascular invasion a considerably slower growth rate was seen
in the case of a rabbit kept at approximately 60° F. Complete
vascularization in this instance did not occur at the end of
four weeks, while in similar chambers only three weeks or less
were necessary for complete vascularization.
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Mechanical injury
The operation necessary to insert the transparent chambers
into the ears of rabbits in order to study '•preformed'* vessels
involves a certain degree of injury. Observations on the re-
sult of mechanical injury to preformed normal blood vessels
were made by Clark and Clark (1932). The damage may have been
done by squeezing which temporarily occluded the vessel either
in an empty or thrombosed condition. The vessel may have been
severed. Localized interference with tonicity and contractile
power may injure the lumen and wall of the vessel without
showing any visible change.
In those cases where squeezing is the cause of damage, the
vessel concerned is generally empty. If the damage occurs at
the time of operation then extravasated blood may be seen in
the vicinity of the vessel, and some stagnant blood remains in
the vessel. Within a week's time recovery of the vessel and
normal circulation takes place. If the squeezing is caused by
the excess pressure of the chamber walls and blood flow inter-
ference has not been long in duration, then upon release of
pressure recovery may be instantaneous.
Clark and Clark (1932) observed in two instances the re-
action of an artery in which a complete break occurred. Several
small connections joined the two ends of the artery in less
than three days after the operation. Only one connection which
showed a distinct bend remained on the fifth day. After ten
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days no noticeable evidence of the former injury was discern-
ible. In the second case, the same process took place leaving
a smooth, straight artery after ten days* The only observable
difference before and after the break which makes this descrip-
tion of a larger blood vessel appropriate at this point, was
the difference in contractility which persisted for over a
month. No spontaneous contraction took place at the location
of the former break.
That type of injury which damaged the wall and lumen of
vessels without any visible signs caused a reaction in the
arteries similar to severing; inasmuch as certain portions
retained their wider caliber. This injury due to localized
interference with contractility persisted for four to six
weeks. Mechanical injury in general is followed by widening
of the arteries for from two to twelve days. Vessels near the
exposed surface lose tonicity. The length of time for return
of tonicity and normal function may vary from as little as
three days to two weeks depending on the degree of injury.
The more conspicuous effects of mechanical injury, namely
those changes seen in the arteries, determine the change which
is secondarily observed in the capillary plexus. The altera-
tions in the amount of blood which enters the capillary net-
work from the arteries initiate or retard the formation of new
vessels. Thus when squeezing is caused by the walls of the
chamber in the rabbit's ear (Clark and Clark, 1932), the small
blood vessels retract; but upon loosening the nuts and releas-
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ing mechanical pressure on the area, the increase in arterial
blood flow acts as signal for new capillary sprouting*
It is probable that in the intact living mammal the
slightest scratch, burn, or contusion may elicite growth
responses of capillaries with great rapidity and frequency*
Pressure may result in the squeezing of erythrocytes
through the narrow vessels of the ear of the rabbit (Sandison
1931). This is similar to the fate of erythrocytes of amphibia
(Krogh, 1922). Sandison has studied the effect of pressure
changes, xylol vapor, and extremes of temperature; and all of
these conditions cause the polymorphonuclear leucocytes of the
rabbit to stick in great quantities to the endothelial wall of
the capillaries.
Early studies of thrombus formation were made in the liv-
ing animals by applying irritants to the tissues. Bizzozero
(1882), Lbwit (1887), and Eberth and Schimmelbusch (1888) pro-
duced thrombi of a very extensive nature. Sandison (1931) pro-
duced two kinds of temporary thrombi in response to pressure
on the cover-slip in the transparent chamber in the ear of the
rabbit. The vessel became completely plugged with a ball which
was initiated by the "sticking” of leucocytes on the injured
endothelium. A conglomeration formed by the accumulation of
more leucocytes, platelets, and occasional erythrocytes around
these first leucocytes. After a few minutes several cells at
a time began breaking away until the lumen cleared and only a
few scattered cells remained.
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The second type of thrombus formation observed by Sandi-
son (1931) occurred in a wide capillary. At first two large
cells, the nature of which was not discernible because of
platelets clinging to them, stuck to the endothelium at one
place. More and more platelets accumulated around these cells
until a mass was formed which blocked the lumen. Erythrocytes
did not join in the formation of the thrombus, nor was the
mass adherent to the endothelium except in the region of the
two cells. This thrombus broke up in a similar manner to the
first one studied, leaving no trace of existence within four
and one-half hours. Further studies along this line might
reveal new information about capillary reactions in skin
abrasions and contusions.
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Chemicals
A study of the reactions of the mammalian blood vessels
to adrenal and histamine was made by Sandison (1932). The
vessels were observed in the transparent chamber inserted into
the ear of the rabbit, and an injection was made into the vein
of the opposite ear. The injection preparation contained 9/20
grain adrenaline, 2\ grains chloretone, and 1 fluid ounce
physiological saline solution. The dilution employed was
1:100,000. The normal reactions of the vascular area were
studied before the injection was given. When the injection
needle struck the vein, arterial constriction occurred and
was followed by full dilation in a few seconds. One and one-
half minutes after 0.3 cc. of the solution entered the vein,
constriction began in the large artery. More peripherally
the degree of constriction was less. Each heart beat caused
a slight widening of the lumen. Because of the decreased rate
of blood flow, slight dilation was seen in the capillaries.
The capillary blood flow varied from a moderate rate to a
complete stop, a slow circulation being seen in many instances.
This initial constriction period lasted not over two minutes.
With increased doses of adrenalin the vessels remained con-
stricted for one and one-half minutes, and this was followed
by dilation which lasted for one-half hour. The dilation
served to increase the rate and amount of flow in the capil-
lary plexus.
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More dilute solutions of adrenaline produced the same
capillary effect. The arterial vessels showed a lessened con-
traction which caused less slowing of the capillary circulation.
Subcutaneous injections produced the same effect as intravenous
administration except that the duration of artery and arteriole
contraction was prolonged and a longer time was required before
normal circulation reappeared.
Sandison (1932) used the same method for studying the
effects of histamine as that just described, using a dilution
of 1:100,000 injected intravenously. Complete stasis through-
out the vessels was produced by 0.004 mg. of the drug. The
effect produced was one of dilation of the arterial blood
vessels. Although the arterioles increased to twice their
original diameter, the caliber of the capillaries did not
change. With lack of flow some of the capillaries did dilate
slightly; blood in stasis filled those vessels which had been
non-circulating and open before the injection. No change at
all was observed in the retracting or sprouting new blood
vessels. In all of the vessels reversals of flow frequently
were seen. An injection of adrenalin caused contraction in
the vessels showing histamine dilation. The active effect
of histamine as well as adrenaline was confined to vessels
surrounded with muscle cells. These drugs produced no ob-
servable changes on naked endothelium. The two drugs produced
converse capillary reactions: adrenaline a more rapid capillary
flow; histamine a greatly diminished blood flow.
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Experiments in which the effect of chemical substances
on small blood vessels may be observed are very valuable
inasmuch as they provide a means of studying the effect of a
single chemical substance. However, the ultimate objective
is an understanding of how all the chemical elements present
in the body interact naturally to effect the harmonious process
of growth. It is suggested (Clark and Clark, 1939) that the
chemical nature of the surrounding fluid in the capillary may
establish a growth promoting condition. When all external
stimuli were eliminated after inserting a transparent chamber
into the ear of a rabbit, the growth phase involving migration
and cell division ended before the space was filled. Blood
vessels were seen in less than one-half of the space, the rest
of the chamber being filled with clear fluid. This condition
persisted without change for forty-seven days, showing a quiet
circulation without inflammatory periods. Then a localized
infection developed, causing an inflammatory type of circula-
tion. The blood vessels and connective tissue resumed growth
processes until the inflammation subsided. At intervals of
several weeks the inflammatory state was induced by the Clarks,
with the growth reactions persisting as long as the inflamma-
tion was present. The results of such an experiment lead one
to believe that something more is necessary for growth than
just a fluid-filled space devoid of blood vessels. There
would seem to be a change during inflammation, possibly of a
chemical nature, which would act as a growth factor in this
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condition. The possibility of a chemical factor in normal
growth conditions can not be overlooked, and much more work
in the analysis of the effects of specific applied chemicals
will have to be carried out before the importance and exact
nature of the chemical growth factor will be ascertained.
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Hormones
The existence of a vascular growth hormone has been denied
for many years by endocrinologists. Vasopressin (pitressin),
a secretion of the posterior lobe of the pituitary, raises the
blood pressure by a direct effect on smooth-muscle tissue of
the small arteries and arterioles (Hoskins 1941). Through an
increase in blood pressure vasopressin might have an effect on
growth once a number of the capillaries have differentiated
into arteries and arterioles. Vasopressin could not have any
effect on growth of the primary capillary plexus before any
smooth muscle components have developed.
If there is a vascular growth hormone it is probably not
vasopressin. Remotti (1939) suggests that a vascular hormone
does exist. Algire and Chalkley (1945) have studied the vas-
cular reactions of mice to normal and neoplastic transplants.
It may be possible to learn more about a possible hormonal
growth factor by more extensive study of the vascularization
reactions to various normal and glandular tissues.
A true vascular hormone, if its existence could be def-
initely established, would probably be related to vasopressin,
and a product of the pituitary gland. Moehlig (1945) observed
the production of vascular growth by the action of the pitui-
tary gland.
Severe to moderate changes in the capillaries were ob-
served in four-fifths of all cretins (DeQuervain and Wegelin,
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1936). The more severe the condition of cretinism, the greater
the grade of capillary disturbance (Gehri 1930). The condition
of the capillaries in an athyreotic individual or cretin is
never a normal capillary picture. The fact that the pituitary
gland is in a hypofunctional state in the cretin is thought to
be the cause of the atypical capillary state (Moehlig 1929).
The growth of capillaries into the uterine endometrium
is an important phase of the menstrual cycle. The pituitary
seems to be the controlling factor in this case as well as in
the placental capillaries during’ pregnancy. This hormonal con-
trol over capillaries may more accurately explain the menstrual
cycle (Moehlig 1945). Markee (1940) observed the result of a
controlling hormonal factor on the vascular growth in intra-
ocular endometrial transplants.
In conditions of acromegaly and gigantism, over-developmen
of the vascular system occurs. A greatly increased capillary
network is necessary to supply the greater mass of body tissue.
Thus the proper development of the vascular system is necessary
to produce the proper growth from a metabolic viewpoint. By
an ability to cause development of the vascular system, the
eosinophil cells of the posterior pituitary control general bod;
growth (Moehlig 1945).
*
V
.• : ,1
.
-c ;
'
..
-.j
.
'
-
j. j\ , r rJ v.;; ‘ >‘i.r ')t>; s \ 3 .’ ".
r
.
’
:r> : vo
. . .
J .
-jaiJrii ix ri^v;c r : 3 *I3lXJ08JSV 9 ao \ox:>:3
r
i ImomoA
,
Jrrc r *. )- r : v .. ; . :i i: , srr * • /os -o .. : ‘ ..."
- .
>
-
.
5
>
-
: v s •• :
'
45
Radiation
Radiation has a marked effect in the production of damage
to small mammalian blood vessels (Borak 1942), The cells may
be damaged so severely that they will remain incapable of form-
ing capillary sprouts in a damaged area. One of the most
serious radiation effects is this suppression of growth capa-
city. Following irradiation, vacuolization and pathologic
mitotic or amitotic proliferation occurs in the endothelial
cells. They are no longer able to form new capillaries as
they normally are seen to do in cases of injury and inflamma-
tion (Clark and Clark, 1932). Damage resulting from radiation
is very slow to be repaired because the process of repair can
not go on unless and until the damaged capillaries recover suf-
ficiently to send out sprouts.
Another effect of radiation on the capillaries if the
dissolution of the capillary so that nothing is left to initiate
the growth process (Borak 1942). Growing capillaries have
been seen to retrogress spontaneously by Clark and Clark (1932).
The lumen disappears due to the formation of a solid portion.
The solid portion then increases in extent and becomes narrower
at the same time. Borak observed a similar retrogression oc-
curring in capillaries subjected to radiation. After irradia-
tion of young growing capillaries, swelling occurs. This is
soon followed by complete occlusion of the capillary lumen.
The stages of the retrogressing capillary follow this succession:
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blood circulation ceases after closing of the lumen; endothelial
cells die; solid portion remains but is eventually absorbed;
and finally no trace of the capillary can be found.
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C. Growth regulating factors
Thoma ! s laws
In 1893, Thoma discovered some factors to which he attri-
buted the growth regulation of blood vessels* Working on chick
embryos, Thoma noticed those vessels which had the greatest
amount of blood going through them transform into arteries and
veins* Those vessels which had little blood passing through
them either remained as capillaries of else atrophied. Simply
expressed, Thoma* s "Histomechaniche Principien** are as follows.
a. Change of vessel size is regulated by the
rate of blood flow.
b. Change in vessel length is controlled by tension
on the vessel wall exerted in a longitudinal
direction by tissues and organs outside the vessel.
c. Blood pressure changes govern the thickness of
the vessel wall.
d. Hypothesis that new capillaries form due to
increased pressure in the capillary area.
Thoma (1893) suggests the metabolism of organs as the ultimate
growth controlling factor. The action would be indirect ac-
cording to his hypothesis; for increased metabolism would have
to cause an increase in blood pressure which would then stimu-
late endothelium in the capillary area so that capillary sprouts
would develop.
Dareste (1877), Leob (1893), Patterson (1909), Knower (1907)
and Stockard (1915) found typical arteries and veins formed in
fish, chick and frog embryos respectively when the mechanical
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action of the circulation had been eliminated by removal or
chemical inhibition of the heart. It has been shown that in
the absence of the heart beat during embryonic stages a certain
number of the larger blood vessels may form. The later changes
in the thickness of the vessel walls are due to hydrodynamic
factors (Thoma 1893, Clark 1918). In the embryo there is
normally a considerable degree of vascular development before
the heart beat is established, Thoma modified his theory to
account for this by suggesting that the primitive vascular
formation is due to hereditary factors. Even with this modifi-
cation Thoma' s theory is not entirely satisfactory because in
all cases in which the blood pressure was reduced to zero,
plexuses developed by the sprouting of new capillaries. (Patter-
son 1909, Chapman 1918, Stockard 1915, Lewis 1931). Considered
as the sole growth regulating factor, Thoma' s hypothesis that
new capillaries form due to increased pressure in the capillary
area is seen to be inadequate.
The larger arteries and veins in developing embryos were
formed first as capillaries in irregular plexuses which later
became differentiated (Muller 1903, 1904, Rabb 1907, Bremer
1912, Smith 1909, and Evans 1909). They were observed to follow
Thoma' s laws. Further evidence has been obtained for Thoma 's
conclusion that the amount of blood flow regulates the diameter
of the vessel (S&ndison 1928). Following a period in which no
circulation was observed, the capillaries narrowed and retracted.
,
Large veins narrowed and disappeared following a decrease
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in the amount of blood passing through them; am increased
amount of blood flow produced an increase in size. Vessels
tended to become narrower, the higher the pressure of the
blood passing through them (Clark and Clark, 1918). A dif-
ference in the endothelial thickness of pre-and post-capillary
was observed by Sandison (1928) which agrees with Thoma's con-
cept of blood pressure regulation of the vessel wall.
.,
50
Other theories of growth regulation,
including an evaluation
There is a school of "chemiotactic" or "hemangiotactic"
formation of capillaries, which postulates that the effect of
specific substances outside the capillaries are responsible for
capillary formation* Early advocates of this theory were
Marchand (1901), Leber (1888) and Loeb (1893). This theory
might be advantageous to test, as certain principles not ex-
plained in other ways may well be due to a still uninvestigated
chemical factor. Evans (1909) suggested that a tropism was
responsible for the growth of new capillaries, with a specific
chemical substance acting as the stimulus. Clark and Clark
(1917, 1920) have studied chemical effects of growth and have
concluded that a chemical growth factor should be sought for
in embryonic tissue and in inflammatory exudates, active vas-
cular formation taking place in these environments. The chief
agents responsible for growth stimulation of fibroblasts and
epithelium in tissue culture were the proteoses of embryonic
tissue juice (Carrel and Eaker, 1926). The property of em-
bryonic juice to promote growth is enhanced by adding blood
serum (Earle, 1935).
Hochstetter (1912) is an advocate of the '‘hereditary in-
fluence" school. This group believes the regulatory factor
to be chiefly the hereditary influence, v/ith mechanical and
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chemical factors having little to do with growth regulation.
Elze (1912) believed the vascular system had its primary origin
as a single artery and vein rather than as a capillary plexus.
The capillary plexus would then be formed secondarily. Clark
(1915), carried out experiments on chick embryos which indicated
that the development of main vessels is due not to heredity,
but rather to favorable mechanical factors. Any part of the in-
different capillary plexus may remain the same size, increase
in diameter with an increased flow of blood through it, or may
even disappear due to endothelial retraction. In these cases
the determining factor seems to be the position of the capil-
lary with reference to other new capillaries which develop more
peripherally. However, hereditary influences would seem to
play some part in the growth process; for example, the capillary
plexus of the lung has been shown by Wiener (1912) to be larger
than is required merely to satisfy the tissues of the organ
itself. While the term "hereditary influence" is not very
descriptive or specific; and it is probably well to avoid de-
pendence on such a theory, a number of such examples do exist
which can not be explained by metabolism or other growth factors
alone
.
Roux (1870) studied the factors which regulate the growth
of blood vessels and analyzed the "angle of branching". He
found that the larger the vascular branch, the smaller was the
angle of branching; and the smaller the branch, the larger the
angle. The regulation of the size and shape of the blood vessel
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is dependent on mechanical factors according to Roux’s theory.
He concluded that hemodynamical factors are responsible for
determining the shape and direction of arteries and their
place and angle of branching. The blood vessel wall takes on
whatever shape permits a minimum of friction. Zweifach (1939)
observed a progressive slowing of blood flow accompanying the
change in manner and angle of branching of the capillary off-
shoots from the arteriole and a-v vessels. This is in agree-
ment with the concepts of Roux (1895) and Thoma (1893) which
stated that the rate of blood flow has a direct influence on
the manner in which side branches leave the central trunk.
While Roux, like Thoma, considers metabolism of tissues
the primary fact in new growth of capillaries, he disagrees
over the specific stimulus. New sprout formation is thought
to be a direct effect of an increased amount of substances
passing through the endothelial cells. Roux (1879) saw no
new formation of capillaries in mitral or tricuspid insuf-
ficiency despite the increased blood pressure. Because a
thin immovable layer of fluid lies next to the capillary wall,
as first shown by Helmholz, Roux criticizes the first law of
Thoma, questioning the effect of rate of blood flow in size
regulation of a vessel. Roux (1879) offers the following ex-
planation of growth. Growth in vessel size is brought about
through a vasomotor nerve mechanism. A reflex widening of
the arteries and possibly of the veins of the affected area
occurs following increased metabolism and new capillary forma-
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tion. If this widening persists long enough, then the vessel
wall adapts permanently to the increased volume of blood by
growth processes, Roux observed the thickness of the vessel
wall to be dependent on blood pressure changes.
Other tissues are seen to precede the outgrowth of blood
capillaries (Roux 1895, 1910, Mall 1906, Clark 1918, Sandison
1928). Mall (1906) subscribed to the hypotheses of Roux
(1895) and described the growth of the capillaries as the
first and guiding blood vessels, which form arteries and veins
due to secondary changes. Mall found the precise stimulus for
the formation of capillaries dependent on an indefinite number
of related factors.
Regenerating vessels in the transparent chamber in the ear
of the rabbit were seen to invade repeatedly the table space
containing serum or fibrin prior to the formation of any new
tissue (Clark and Clark, 1939). The hypothesis of Roux (1895)
can not serve as a complete explanation since it is based on
new tissue being present in the embryo before the vasculariza-
tion occurs in the various new regions. However, the increased
metabolism is one factor in regulating the nev; formation of
capillaries.
The theory of Roux is interesting because he acknowledges
the possibility that more than one growth regulating factor
may be present. On the differentiation of blood vessels,
Oppel and Roux (1910) wrote: "With regard to the blood system,
little is known as to how much of the broad lines of its archi-
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tecture may be determined by chemo-differentiation. What is
certain, however is that a very great deal of its detailed
architecture as regards the size of vessels, the angles of
their branchings, and the courses which they follow are deter-
mined hydrodynamically. The pressure of the blood moulds the
vessels in such a way as to offer the least resistance to its
flow.'*
An increase in the volume of blood acts as a stimulus to
the new formation of capillaries. It also serves to enlarge
the vessels (Weyrauch and deGaris, 1937). Clark and Clark
(1934) have observed increased blood flow occurring as a pre-
lude to new capillary sprouting. With a sudden increased blood
flow which continued for two or three days, the chief conspicu-
ous result was the development of mostly temporary arterio-
venous anastomoses. However, no formation of new capillaries
was observed in this case. This theory does not account for
growth of capillaries in embryos, in amphibian larvae without
circulation, or tissue culture.
The amount of interchange through the endothelial wall was
proposed by Clark (1918) as a regulating factor of the growth
and regression of capillaries. However, in tadpoles with the
heart removed and at a stage in which the vascular system has
become dependent upon hydrodynamic factors, being no longer in
a stage of primary differentiation, plexuses were formed by the
sprouting of the tail capillaries.
It is to be hoped that further studies will reveal all of
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the growth factors which must interact in order to produce reg-
ulation of the development and growth of small blood vessels.
From this discussion, it becomes apparent that after a thorough
investigation to determine the relative importance of each
known growth factor, and to reveal any that may not yet have
been considered, a combination theory probably will be the
result.
The factors responsible for new capillary growth still
remain a speculative matter, for no theory in itself has yet
offered an explanation to include embryonic blood vessel forma-
tion, growth during the primary differentiation stage of the
capillaries, and growth of small blood vessels in the absence
of the heart beat.
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IV DEGENERATION AND REGENERATION
A. Spontaneous capillary retraction
E. R. Clark (1918) described the growth of a selected
plexus of vessels in the tail of the amphibian larva until
the complete vascular system of arterioles, venules, and capil-
laries was established, Clark observed a decrease in the num-
ber of capillaries of the original primary plexus with only a
certain number of the embryonic blood vessels persisting as
true capillaries. This process of capillary reduction occurs
spontaneously and is referred to as capillary or vascular re-
traction.
Thoma (1893) first described the process by which capil-
laries disappear. According to Thoma' s histomechanical prin-
ciple that vessel size is dependent on the amount of blood
flow
,
it would be expected that if a vessel were to disappear
altogether the amount of blood flow would be zero. Clark (1912)
showed that this is precisely the case. He followed the process
in the living tadpole tail and found that no circulation oc-
curred for more than one day in the capillaries before they
narrowed, and then retracted. In the retraction process, he
observed endothelial conservation in the degenerating vessel
brought about by the endothelial nuclei and protoplasm joining
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the parent vessel.
The process of retraction in the growing capillaries of
the rabbit 1 s ear was found to correspond exactly (Sandison
1928) to that which is seen in amphibia (Clark 1912). The re-
traction process is preceded by a period in which no circula-
tion is seen in the vessel. The lumen is obliterated by the
narrowing of the vessel, and a solid thread is formed. This
thread-like structure thins even further before breaking. At
this point the degenerating vessel is indistinguishable in ap-
pearance from the sprout stage of the growing capillary. The
endothelium of the two mother capillaries thickens as the pro-
toplasm and nuclei of the degenerating vessel move back into
them. Finally, no indication is left of the past existence of
the completely retracted capillary.
It is debatable whether spontaneous retraction which is
seen in the growing capillaries of amphibia and mammals during
the processes of development should actually be included in a
discussion of degeneration, for although there is a "breakdown”
of the vessel, this type of degeneration differs from that
which is experimentally induced. In spontaneous degeneration
no erythrocytes are extruded. Phagocytosis does not play the
active part that is observed in experimentally induced degenera-
tion. For example, a minor contusion such as results from
mechanical injury has a large amount of discoloration caused
by extruded erythrocytes. These erythrocytes are removed from
the area of injury by phagocytes (Clark and Clark, 1926) before
capillary regeneration can occur.
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B. Experimentally induced degenerative factors.
From the preceding explanation of spontaneous capillary
retraction it is readily understood that this is a fairly con-
stant process, with little variation in its mode of activity.
Experimentally induced degeneration varies in extent, mode, and
spread depending on the type of tissue studied, its age, the
type of stimulus used to produce injury, its concentration, and
duration. In the more gross experiments on capillary degenera-
tion the smooth muscle elements, nerve fibers and connective
tissue in the region stimulated also suffer degeneration along
with the capillaries. Experimental degeneration is difficult
to control. With modern micr©manipulative methods a more de-
tailed and complete report of capillary degeneration is now
possible. A thorough understanding of small blood vessel de-
generation is preliminary to an understanding of regeneration.
Practically no evidence is available concerning the effect of
even one controlled stimulus on some representative members of
the phylogenetic series. An attempt has been made in this
review of literature to compile the general effects of a few
factors of degeneration that have been studied experimentally.
Some original work has been started, and is described under
the factor, mechanical injury.
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Thermal Injury
When heat or cold is applied to the transparent chamber
of the rabbit’s ear the general effects observed by Sandison
(1932) are accepted. Briefly, heat caused rapid blood flow
with the arteries, veins, and capillaries not changing their
caliber at first. These vessels showed slight widening and
the flow became sluggish with the application of cold. With
a greater intensity of heat stimulation the emigration through
the endothelial wall became more extensive. And with either
heat or cold the leucocytes stuck to the walls of veins and
venous capillaries.
Most of the investigation of the effect of cold on capil-
laries has been carried out in the mammal. The action of the
capillaries in human frostbite is of great interest from mili-
tary, economic, and sociologic considerations. Lewis (1930) has
concerned himself with a gross study of the effect of tempera-
ture on the human skin. The small blood vessels can not be
overlooked in this reaction as they increase in size and even
become telangiectic, Lewis investigated temperature reactions,
measured by means of a thermoelectric junction moved from one
area to another. He observed the reactions of the human skin
of five subjects (see Plate III) in which the finger being
immersed in iced water, the arm and hand were immersed at one
of three temperatures (15° C., 25° C., 30° C.). Lewis concludes
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REACTION TO ICE;
TIME AFTER IMMERSION TO BEGINNING OF RISE IN MINUTES;
RISE IN °C.
Arm Bath Temperature
Subject
15° 25° 30°
Ho. 00o mins. 0° 25 mins. oo 13 mins. 4.1°
Hi.
|
25 mins. 0° 11 mins
.
2.7° —
Be.
j
25 mins
.
0° 9 mins. 4.2°
Le
.
: is mms. 1.9 12 mins. 2.7° 11 mins. 3.6°
La.
' 15 O >1°mms. 3.4 14 mins. 2.5° 9 mins. 6.0°
(After T. Lewis)
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from this experiment that the earlier the reaction, then the
temperature of the arm and hand is higher. It is obvious that
while this type of experiment is basic to more microscopic
blood vessel study, it is of little value in determining the
exact nature of the capillary response alone. Too many other
factors involved in the normal heat regulation of the mammal
interfere with the direct action of the stimulus on the capil-
lary.
A micro- injection method has been used to study the ef-
fects of heat and cold (Landis 1930). By means of a micro-
pipette and Chambers micromanipulator the relations of thermal
factors and pressure were studied. In these experiments the
temperature of the skin was measured simultaneously with the
capillary pressure. When heat was applied until hyperaemia
resulted, the pressure changes showed great uniformity (See
Plate IV). Pulsation increased, as seen by movements of the
corpuscles within the pipette, simultaneously with the pressure
rise.
In local cooling of the skin Lewis and Haynal (1927) ob-
served a rise in blood pressure in the hyperaemia of cold.
When Landis (1930) applied cold in the form of a dry jet of
very cold air to the capillary loops at the base of the nail
bed so that the skin temperature was lowered to about 10° C.
the capillary pressure fell below the values which had been
considered normal (See Plate V).
Wheal formation was experimentally induced by holding a
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CAPILLARY PRESSURE IF HYPERAEMIA OF HEAT
Observation
No*
> -
Limb of
capillary
loop
Skin
temperature
Capillary
pressure
Before
Maximum
during
heating
Before
Maximum
during
heating
1 Arteriolar 31.8° 42.8° 32 mms Hg 68 mms Hg
2 Arteriolar 33.0° 44.2° 24 52*
3 Arteriolar 25.0° 41.5° 40 62
4 Venous 29.5° 44.1° 13 46
5 Venous 17.8° 46.6° 18 40
6 Venous 30.9° 43.1° 12 49
* Finger had been cooled to 10.1° C 20 mins, before
(After Landis)
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CAPILLARY PRESSURE DURING LOCAL COOLING
Obser-
vation
No.
Limb
of
capillary
loop
Skin
temperature
Capillary
pressure
Before
During
cooling
During
Before cooling
Reaction
began
at
1 Arteriolar 23.7° 10.2° 36 mms Hg 25 mms Hg 6 mins •
2 Arteriolar 29.9° 9.6° 44 34 5
3 Venous 23*5° 10.0° 19 12 5
4 Venous
o
23.7 11.0° 15 9 8
(After Landis)
. .
. •s*
* . *
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stick of carbon dioxide snow against the skin near the nail
base. Blister formation was also observed due to carbon
dioxide snow application or by one per cent cantharides plas-
ter (Landis 1930), In the blisters an abnormally free pulsa-
tion was observed. Pulsation was seen too in wheal formation,
although not as great (See Plate VI),
This rather lengthy and detailed discussion of the rela-
tionship between temperature and pressure in the capillary
loops at the base of the nail bed in the human has been in-
cluded here because a possible relation between capillary
pressure and regeneration is brought to mind. That the pro-
cesses of regeneration follow the same histomechanical prin-
ciples as enumerated by Thoma is probable. Thoma's third law
states that blood pressure changes govern the thickness of the
vessel wall. Thus the increased pressure would have an effect
on the blood vessel wall, and some change would take place in
order to allow lymphocytes to pass between the endothelial
cells. The changes which actually take place have not yet
been observed. The increased pressure produced during the
period of degeneration might actually initiate the process of
regeneration, for according to Thoma's hypothesis, new capil-
laries form due to increased pressure in the capillary area.
The development of a method to see whether any changes take
place in the walls of the vessels of the human skin would be
one way to test this idea; or perhaps more simply the method
of measuring pressure in capillary loops or capillaries them-
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AVERAGE CAPILLARY PRESSURES AFTER INJURY OF THE SKIN
Subpapillary
Arteriolar limb. Venous limb. venous plexus.
Wheal 49 mms Hg 32 mms Hg
—
Blister
1
41
J
23 20 mms Hg
(After Landis)
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selves might be carried out in a preparation in which the
effect of pressure on the capillary wall would be clearly
visible. The retrolingual membrane of the frog and the
cheek-pouch of the hamster would be suitable for a study of
this nature.
a *
Mechanical Injury
Zweifach (1939) observed the effect of mechanical stimu-
lation upon the mesentery of the frog and the mouse. In these
animals a stimulus applied to the naked endothelial wall pro-
duced a localized reaction which was characterized by thick-
ening, wrinkling and indentation. The true naked capillaries
showed a greater endothelial response than did the a-v vessels.
The capillaries of the frog showed a more marked response than
did those of the mouse.
In microscopic observation of the extended frog's tongue
dilation of both capillaries and arteries followed local stim-
ulation (Krogh 1929). A strong stimulus caused an effect
which spread outside of the area receiving the stimulation.
The effect of scratching and pricking the extended tongue of
the frog was studied by Grant and Jones (1928). The reaction
was similar to injuries which had been induced by thermal,
electrical, or chemical stimulation. The vascular reaction
to injury was as follows. A red patch appeared in from five
to ten seconds after injury. Bright red spots formed because
of the erythroctes in the fungiform papillae, and the deeper
capillary loops dilated to produce reddening of the background.
Within thirty seconds the spotty redness had reached its peak.
The brightness of the red patch then faded peripherally, while
the redness localized itself around the injured area and in
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three to five minutes a red ring about one millimeter wide had
formed around the injury* Five to ten minutes after injury,
the area damaged may be swollen enough to raise it above the
surrounding level of the tongue. Within one half hour the
swelling generally passed off. The local redness had varying
durations dependent upon the degree of injury. The redness
narrowed down gradually until it just outlined the injured
area, and then it finally disappeared.
If the injury is only slight, then the described reaction
may be only partial (Grant and Jones, 1928). The occurrence
of swelling is difficult to ascertain after mechanical injury,
but may be produced sometimes by repeated pricking of the
tongue at the same point. After about five minutes some slight
elevation of the surface is usually seen.
When the circulation in man is arrested prior to skin
injury then the flare does not appear until the circulation
is restored (Lewis and Grant, 1924). Also, the time required
for the flare to disappear after circulation is restored is
equal to the time which would have been necessary if normal
circulation had occurred. To arrest completely the circulation
to the frog tongue it is necessary to ligate six vessels (the
common carotids, occipitals and the cutaneous arteries). The
truncus arteriosus may itself be ligated; however, the circula-
tion is not restored normally for quite a long time after the
vessel is released, Lewis and Grant found ligation and occlu-
sion had the same essential effect as passing a tight ligature
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completely around the tongue. With no circulation present in
the vessels of the frog’s tongue, a reaction similar to that
which occurs in the mammal was observed by Grant and Jones
(1928). Mechanical injury caused no widespreading peripheral
hyperaemia. Only the local reaction appeared which started at
the point of injury and widened to a diameter of two to three
millimeters. At the end of five minutes the constricting
ligature was released, and at that time local redness became
intense, with a duration similar to what would have occurred
had the injury been made at the time the circulation was
restored.
Some original work has been attempted to observe micro-
scopically the progressive degenerative changes which might
follow mechanical injury in the adult blood vessels. Frogs
were anesthetized with 0.7 cc. of 25% (by weight) urethane
(in Ringer’s solution). The urethane solution was injected
into the dorsal lymph sac. Retrolingual membrane preparations
were made in frogs, the left lingual artery being first ligated
with a silk thread. This was not sufficient to stop circula-
tion in all of the tongue, but acted as a mechanical injury to
initiate degeneration. In all cases the larger arterial ves-
sels on the left side of the tongue had no circulation, with
a corresponding thinning of the diameter of the venous vessels.
However, the venous vessels on the right side of the tongue
appeared under the dissecting microscope two to three times
their normal diameter.
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Retrolingual membrane preparations were made in frogs
which had their left lingual artery ligated for eight, and
eighteen days respectively. In the case of the frog which had
the artery ligated for eight days before the preparation was
made, the vascular pattern appeared fairly typical, with right
and left sides of the membrane receiving an equal supply of
blood. Except for the venous vessels distended to three times
normal diameter, a very typical pattern was seen here. The
membrane was left undisturbed to degenerate or heal, but with
the ligature still in place. Eight days later it was reexam-
ined, and the pattern of the membrane had now changed from a
typical normal circulation to "ring" formations due possibly
to the degeneration of branching vessels. Erythrocytes were
seen clumped outside the endothelial walls of some of the
vessels. Certain of the vessels showed degenerative endings.
(See 10, 11, 12, 13, 14 on Plate VII). Also string-like ves-
sels were seen on the membrane. Again, two days later (18 days
after the lingual artery had been occluded) the membrane was
reexamined to ascertain whether these "sprout-like" formations
were the result of new growth or degeneration. In the place of
the string-like vessels, the vessel wall had now disappeared
leaving only a chain type formation of cells (See Plate VIII).
These cells have no resemblance to erythrocytes, leucocytes, or
any other cells normally found in frog’s blood. They may be
histiocytes or some type of phagocytic cell, but that the
condition observed is one of typical degeneration is almost
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A., B,
,
- String-like vessels
C., D.
,
- Extruded erythrocytes
E., - "Bing-like" formation
10., 11., 12., 12., 14.,- Degenerating capillary endings
Green arrows - Direction of blood flow

Disappearance of the Vessel Wall in Capillary
0-
Degeneration; Chain Type Cell Formation
IS., 14., - Degenerating Blood Vessel Endings
(See Table VII)
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certain. At this point no circulation was observed in any
of the neighboring vessels.
In the case of the frog in which eighteen days had elapsed
prior to the preparation of the retrolingual membrane, degenera-
tion had progressed even further than in the condition just
described. The membrane appeared abnormal. All blood vessels
had disappeared completely from the left side of the membrane,
while the right side resembled the characteristic condition
of degeneration. The membrane was extremely delicate, lack
of blood supply to the membrane having probably caused necrosis
of the tissue.
In the future, work will be undertaken to follow the de-
generative processes more closely. The retrolingual membrane
serves as an excellent preparation for this type of work.
Variations in the number of vessels ligated, duration of
ligation, and ultimately the ligation of a single capillary
are only a few suggestions for a study of degenerative factors.
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Chemical Injury
Thermal and mechanical stimuli were suggested by Lewis
and Grant (1924) as causing an indirect action upon the vessels
of the skin. They proposed that the injury is brought about
by the release of some substance with a histamine- like action
upon the skin vessels. It is for this reason that histamine
has the major consideration in the following discussion of
experimentally induced degenerative factors.
A pressure rise in the capillary loop of the human upon
the administration of histamine was observed by Landis (1930).
The pressure in the arteriolar limb reached a valve pressure
ranging from thirty-two to fifty mm mercury. The maximal
value in the venous limb ranged from twenty-seven to thirty mm
mercury. (See Plate IX). The maximum capillary pressure was
attained within four to six minutes after the introduction of
histamine. The pressure fell very slowly. Fifteen minutes
after administration the pressure was still high.
Certain investigators are not in favor of Lewis* theory
of histamine activity in inflammatory conditions. Bloom (1922)
performed a number of experiments to determine the chemotactic
and inflammatory inciting properties of histamine. None of
his results showed histamine to be a greater cause of inflam-
matory reactions than was his control (physiological saline).
Hooker (1921) studied the effect of histamine on the
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CAPILLARY PRESSURE IN THE HISTAMINE FLARE
Observation
No.
Limb of
capillary
loop
r
Capillary pressure
Before
j
Maximum
histamine after
histamine
Rise in
pressure
began at
1 Arteriolar 32 mms Hg 50 mms Hg 1.0 min.
2 Arteriolar 22 32 0.5
3 Arteriolar 26 36 1.0
4 Arteriolar 32 50 0.5
5 Arteriolar 26 48
6 Venous 14 27 1.5
7 Venous 13 36
8 Venous 13 30 1.0
9 Venous
1 - -
16 39 0.5
(After Landis)
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capillaries of anesthetized cats. Sometimes a preliminary and
transient constriction of both venules and capillaries was
seen, but in all cases the capillaries dilated within a few
minutes after the injection. They became filled with blood
cells, and no circulation was seen. An injection of histamine
into the saphenous vein of the anesthetized cat produced dila-
tion in the mesenteric capillaries (Florey and Carleton, 1926).
Many of the capillaries which were not apparent before the in-
jection were seen to open. Pituitrin caused constriction of
mesenteric capillaries dilated by histamine. Rich (1921) ob-
served a dilator effect of histamine upon the capillaries of
the mesentery of the cat, and observed the opening up of new
capillaries.
In the sartorius muscle of anesthetized cats Hartman,
Evans and Walker (1929) found dilation produced by either
large or small doses of histamine. In the human, it is dif-
ficult to observe the effect of chemical injury on the capil-
lary loops of the nail base because the capillaries in the area
are well filled before administration (Best and McHenry, 1921).
However, Carrier (1922) applied histamine to the base of the
nail in humans and demonstrated an acceleration of the blood
flow in the capillaries along with a widening of these vessels.
In the frog, the effect of histamine is not great (Dale
and Laidlow, 1910). Grant and Jones (1929) used a wide range
of histamine dosage, without vasodilatory effect. Doi (1920)
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reported a depressor effect, with the capillaries of the web
of the frog and the tongue showing dilation. Fraser (1929)
observed dilation in the case of the tongue capillaries of only-
one frog. Provided the pH of the perfusion fluid was constant,
Clark (1924) reported histamine constriction of capillaries.
Grant and Jones (1929) found no dilation in the tongue, peri-
toneum, or nictitating membrane of frogs. They prepared a frog
skin extract which produced dilation in the frog's tongue.
Histamine did not produce a similar effect, so that while the
frog seems to be provided with a substance which is dilatory
in its effect, it would appear to be a substance other than
histamine (Best and McHenry, 1931). Even in high concentra-
tions Krogh (1929) found no action of histamine on the capil-
laries of the frog.
Wolf (1923), in an extensive survey of the injuring powers
and inflammation producing ability of various groups of chem-
icals, found cantharidinum, histamine, and turpentine to be the
most rapid inflammation producing substances. The effects of
each chemical were studied in the mesenteries of the frog and
the mouse. Inflammation in animals may be produced only by
those substances which are soluble in oil and positively
chemotactic. Species differences were seen possibly because
of the effect of temperature upon the chemical reaction. This
thermal difference in chemical reactivity may be the explana-
tion for the varied results of the frog capillaries subject
to histamine.
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Radiation
Borak (1942) has studied the degenerative changes produced
by radiation. He found inflammation to be produced, but the
cytological sequence was exactly reversed from the inflammatory
septic condition. Menkin (1940) described the inflammatory
process of bacterial origin. The polymorphonuclear leucocytes
enter the area first, and are later followed by the migration
of lymphocytes which carry on phagocytosis. Inflammation
produced by radiation is aseptic, with no substances present
to attract leucocytes. Absence of leucocytosis is a character-
istic of radiation degeneration.
The first cells noticed in the perivascular tissues are
lymphocytes. They are present from the onset of erythyma
and remain during the following sequence of degeneration. The
erythrocytes are seen to collect outside of the capillaries
and are very distinct during the late and chronic stages. Even
when an intense erythyma is present, leucocytes are absent.
The leucocytes are the last cells to make an appearance.
When they are finally released from the vessels they move
to distant areas and are deposited on the skin surface in
the form of a fibrinous exudate. The clinical picture of
radiation degeneration as seen by Borak is typified by the
formation of a pseudomembrane over the area where the epithe-
lium had been destroyed by the rays. This yellow pseudomembrane
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covers the denuded cerium and is composed of the remnants of
necrotic epithelial cells and fibrin together with the large
numbers of exuded leucocytes*
In radiation degeneration the sequence of migration of
the cellular elements from within the blood vessel wall out in-
to the perivascular area is typical of an inflammation caused
by damage to the vessel wall instead of by the influence of
chemotaxis. The permeability of the vessel wall apparently
increased with greater damage. The vessels dilated and the
blood flow slowed, and as damage became more intense the capil-
lary permeability increased sufficiently so that the larger
size cellular elements were able to emerge from the confines
of the vessel wall (Borak, 1940).
The swelling' of endothelial cells was more pronounced in
the capillaries than in the larger vessels. As a result of
this the greater increase in permeability is also seen in the
capillaries. Inflammation occurs in the adjacent tissues of
the capillary wall rather than in the vessel wall, as is the
case in the larger blood vessels. The swelling of the capil-
lary endothelium and extra-vascular exudation may result in
the narrowing of the lumina of vessels. Frequently blood flow
in the radiation area stops entirely due to completely occluded
capillary lumina.
An understanding of radiation degeneration is important
because the sequence of injury response differs from that of
mechanical or chemical degeneration. Furthermore, more work
ic-
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needs to be carried out to determine the exact importance and
nature of capillary growth and degeneration in carcinomatous
conditions* Finally, the greatest effect of radiation injury
is seen in the capillary bed, and with radiation coming into
the foreground as a potential weapon of war
,
an understanding
of the capillary response to various types and intensities of
radiation is necessary for future investigation.
,
C. Growth patterns and vascular
regenerative processes.
Abscess formation and the resulting inflammation produced
a new growth of capillaries in the transparent chamber of the
rabbit’s ear (Clark and Clark, 1939), The process of regenera-
tion of vascular tissue into the transparent chamber of the
rabbit's ear corresponded to observations of early embryonic
growth and to observations on the living capillaries of amphib-
ian larvae. An actual lesion was shown by Clark and Clark
to be unnecessary as a stimulus for this capillary sprouting.
The blood vascular endothelium has extreme lability concerning
regenerative ability. Even the slightest external stimulus
produces a growth response similar to that seen in the embryo
and in wound healing. The whole process of regenerative
growth is similar to that already described in the case of
embryonic growth of blood vessels following primary differentia
tion (Clark 1918, Clark et al. 1931). This process has been
described in detail for the amphibian, so a summary of re-
generative growth as observed in the transparent chamber of
the rabbit's ear is given here. Preexisting blood vessels
with an active circulation send out endothelial sprouts, which
anastomose to form loops. A border of sprouts is seen at the
growing edge of a richly anastomosing plexus. An average of
0.22 mm per diem was recorded by Clark and Clark as the ad-
vancement rate of the growing zone of new vessels over the
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central table of the transparent chamber. Differentiation of
the older portions of the plexus into arterioles and venules
occurred, while at the same time certain capillaries which re-
ceived only a scanty blood supply retracted and disappeared.
The advancing network from the sides of the chamber anastomosed
so that the entire chamber became filled with new vessels.
Once the "adult" pattern was reached, it remained fairly con-
stant barring any external stimulation. The newly regenerated
mammalian capillaries were seen to consist of endothelium. In
a manner similar to that described for the amphibian blood
vessels (Clark and Clark, 1925), wandering fibroblasts trans-
formed into longitudinally placed adventitial cells (Clark and
Clark, 1934).
Arterio-venous anastomoses were observed in the regenera-
tive process of vascular growth in the rabbit's ear (Clark and
Clark, 1939). Certain of the channels formed were only
temporary, but others remained as part of the permanent vascu-
lar pattern. The observation of a-v channels in the regenera-
tive pattern is of importance because a-v channels are most
frequently seen in clinical observations of degenerative and
pathological conditions. The stimulus for their formation in
the transparent chamber of the rabbit's ear is a matter for
speculation and investigation.
Moore (1936) has initiated investigation on the vessels
of the dog as seen in the transparent chamber. He observed
the growth rate to average 0.5 mm per diem. This is much
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higher than the rate (0.22 mm) reported by Clark for the rab-
bit, The new capillaries were slightly more resistant to
trauma than were those of the rabbit. The growth process was
initiated by sprouting and continued in a manner similar to
that just described for the regenerative vessels of the rabbit.
Occasionally Moore observed capillary sprouts precede the ad-
vancing network of connective tissue. This was reported to
occur in the rabbit (Clark and Clark, 1933). The "adult' 1
pattern was reached here, as in the rabbit (Sandison 1928,
Clark 1931) by the differentiation of some capillaries con-
comitant with the retraction of others.
The greatest vascular difference between the capillaries
of the dog and rabbit was seen to be the more rapid circulation
in the dog (Moore 1936). The blood cells moved constantly
and their motion was very rapid through the small blood vessels
of the dog. This contrasted greatly with the fluctuating type
of circulation described in the rabbit (Sandison 1932). In
the rabbit frequent reversals of direction were seen during
the sluggish periods which alternated with periods of more
rapid flow.
The regenerative patterns in the frog, rabbit and dog
have been observed microscopically and have all exhibited the
same regenerative pattern which resembles fundamentally the
pattern described for the growth of embryonic blood vessels
following primary differentiation. A possible phylogenetic
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similarity of the regenerative process would seem to be indi-
cated by the investigation described. However, this relation-
ship can not be accepted with any real degree of certainty
unless more representative investigation can confirm this.
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Radiation Retardation
Schiirck and Tsudi (1929), Fukase (1930) and Buhtz (1933)
found a stimulating influence of radiation upon wound healing
in the rabbit, Businco and Cardia (1930), Nathanson (1934),
and D’Istria and DiBella (1930) all found beneficial radiation
effects,
A negative or retarding influence was seen by Baberland
(1923) and Podesta (1930) on the regenerative process in the
rabbit. In the rat, radiation produced a retarding effect
(Pohle, Ritchie and Wright, 1931, and Pohle and Ritchie, 1933).
Pohle and Ritchie found three points of special interest. They
observed distinct reaction variations in different animals.
This fact is often overlooked in evaluating experimental
results, and may partly account for results of radiation
which vary. Secondly they observed that irradiation produced
a greater effect on the epithelium than on the underlying
connective tissue. This may account for conflicting opinions
as to clinical results. Finally, in a great many cases the
deeper parts of wounds showed active connective tissue pro-
liferation, while the superficial parts exhibited well-marked
inactivity.
Ritchie (1933) concluded from a review of literature that
small doses of radiation stimulated regenerative processes,
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while larger doses of the same stimulus produce a retardation
of new vessel formation. The gamma ray of radium produced
accelerated healing, when applied in small and medium doses
immediately after incision was made. However, larger doses
produced retardation of the regenerative process (Nathanson
1934), Nathanson found that any dose of radiation produced
retardation when applied twenty-four hours after the incision
was me.de. The radiation dosage determined the degree of
retardation. Further, in wounds treated forty-eight hours
or more after the incision was made, only the larger doses
produced an effect. In this case, the effect was one of
retardation.
The results of induced radiation described above are
significant because they are confirmed by the observations
of Borak (1942), who claims that the degenerative condition
in radiation treatment is an aseptic one. He showed that
true radiation degeneration differs in the migration of cel-
lular elements through the endothelial wall of the vessel.
Applying Borak’ s theory of radium degeneration to the experi-
ment described above, it follows logically that small amounts
of radiation applied directly after the incision would serve
to disinfect the area, and yet not be strong enough to affect
the endothelial permeability. Radiation in small doses ap-
plied after twenty-four hours might not be strong enough to
inhibit sufficiently bacterial infection which had probably
f
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set in. Large amounts of radiation administered at any time
after the incision was made would be expected to affect the
permeability of the endothelium causing degeneration of the
radiated area. In all cases, when this line of reasoning is
applied, the results then appeared consistent.
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V. SUMMARY
1. Small blood vessels form (Local Origin Theory) by the
differentiation of isolated vascular spaces, which then unite
with adjacent vascular spaces to form continuous vessels of a
uniform diameter. These vessels then form sprouts into which
the lumen of the parent vessel develops.
2. The exact degree of vascular development which may
occur without circulation is not yet known, but is an indica-
tion of the balance between the blood pressure factor and the
hereditary factor of growth,
3. Capillary growth begins with the sprouting of a solid
filament from the wall of a preexisting capillary. The lumen
at the base of the tip advances into the filament so that a
lumen is formed continuous with that of the parent vessel.
4. The narrower the vessel, the fewer the muscle elements.
Pericytes are first seen after the growing capillaries bud off
endothelial strands. Innervation occurs prior to development
of a cellular vascular wall. The adult vessel pattern is
constantly rearranging.
5. In general, higher temperatures increase, and lower
temperatures decrease the growth rate within limits. Higher
degrees of induced heat cause leucocytes to stick to the endo-
thelial lining, and block the lumen so that a more rapid flow
results. Lower temperatures causes capillary dilation with
no blood flow.
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6. The effects of mechanical injury, chemical injury,
and radiation in producing degeneration have been discussed,
as well as the mechanical and chemical influences on growth,
the suppression of growth by radiation, and the possible in-
fluence of inflammation and hormones on vascular growth.
7. Embryonic vascular formation, growth during the
primary differentiation stage of capillaries, as well as the
growth of small blood vessels in the absence of the heart beat,
can not all be satisfactorily explained by any single growth
factor theory.
8. In extent, mode and spread, experimentally induced
degeneration can vary, depending on the type of tissue studied,
its age, the type of stimulus used to produce injury, and its
concentration and duration. Induced degeneration differs from
spontaneous capillary reduction or vascular retraction which
occurs normally in adult animals.
9. In the study of the degenerative pattern of the capil-
laries, the author ligated the left lingual artery of the frog.
Eight days later a retrolingual membrane preparation showed a
typical degenerative pattern characterized by clumping of
erythrocytes outside the capillary wall, "string- like " vessels,
phagocytic cells, and "ring" formations. The left side of the
membrane of another frog, with left artery ligated for eighteen
days showed complete disappearance of blood vessels.
10. Sprout formation initiates the process of regenera-
tive growth, which then follows in almost every respect the
developmental pattern of the embryonic blood vessels following
primary differentiation.
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VI ABSTRACT
Embryonic capillaries which remain as part of the adult
capillary network can not be distinguished from embryonic
capillaries which later form arteries and veins. Mesenchyme
in almost any body region can transform into endothelium, and
endothelium can transform into mesenchyme, Intraembryonic
blood vessels arise locally within the embryonic body-axis.
Experimental evidence substantiates the local origin theory
of blood vessels; the angioblast theory is not generally
accepted today.
The first stage in vessel formation is the differentiation
of isolated vascular spaces. Adjacent spaces unite to form
continuous vessels of a uniform diameter. Cells of a formed
endothelial space proliferate to form a sprout. The lumen of
the capillary develops from the fusion of cavities, which are
formed by secretion of fluid between the cells of a sprout.
Prior to the beginning of the blood circulation, consid-
erable development of the vascular system has occurred, pre-
sumably as a result of hereditary influence. The area vasculosa
of the chick continues to grow after the heart has been removed.
However, the exact degree of development which can take place
without circulation is not yet known. Capillaries have been
seen to develop in vitro from capillary cells, and leucocytes
in tissue culture have formed "capillary-like formations".
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The endocapillary plexuses seen in tissue culture were re-
markably similar to those of the embryo.
The growth of the vascular system is accomplished by the
sending out of endothelial sprouts which anastomose with
neighboring sprouts to form a primitive capillary network.
The first indication of capillary growth is an elevation on
the wall of a preexisting capillary, which then extends as a
solid filament. As the tip of the filament elongates, the
lumen at the base of the tip gradually advances into it. In
this manner, a lumen is formed continuous with that of the
parent vessel. When two capillary sprouts meet, a capillary
loop is formed.
Newly formed capillaries have a wider caliber than do
older circulating capillaries. Their endothelium is delicate
and easily distensible. Within forty-eight hours after growth
the capillary endothelium thickens, and despite an increased
blood flow the capillaries maintain a more uniform caliber.
Some of the endothelial nuclei of the parent vessel often
migrate into the sprouts. The endothelial nuclei divide
raitotically.
The intensity of the blood flow and the width of the
small blood vessel determines the distribution of smooth
muscle cells. The narrower the vessel, the fewer the muscle
elements. After growing capillaries bud off single or double
strands of endothelium, pericytes are acquired. Innervation
is believed to take place prior to the development of a
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cellular vascular wall.
While spontaneous decrease in blood flow produced narrat-
ing of the capillaries, increase brought about widening of
the vessels. The small blood vessels are extremely labile.
Their tendency toward capillary formation or retraction is
stimulated by the slightest environmental change. The adult
vessel pattern is in a constant condition of change.
With applied heat, leucocytes stick to the capillary
walls, and so line the endothelium that a narrowed lumen and
a more rapid blood flow result. At low temperatures circula-
tion stops with the capillaries more dilated than at normal
or high temperatures. Within limits, a higher temperature
increases the growth rate, while a lower temperature decreases
the growth rate.
In mechanical injury the tonicity of vessels near the
exposed surface is lost. The degree of injury determines the
length of time necessary for return of normal function. The
formation of new vessels after injury is initiated or retarded
by alterations in the amount of blood which enters the capil-
lary network. In the intact living mammal growth responses
are probably elicited with great frequency and rapidity by
the slightest stimulus.
Histamine and adrenaline produced an active effect on
vessels surrounded with muscle cells, and no direct effect was
indicated on the naked endothelium of the capillaries. In-
directly, histamine produced a greatly diminished capillary
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blood flow; adrenaline a more rapid flow. A change in the
chemical nature of the capillary environment during inflamma-
tion may act as a growth factor. The importance and nature
of this growth factor has not yet been determined.
By the proper growth of the vascular system, general body
growth is stimulated from a metabolic viewpoint. Evidence
shows that, if present, the vascular hormone would be a pitui-
tary product related to vasopressin.
The suppression of the growth capacity is an effect pro-
duced by radiation. Vacuolization and pathologic mitotic or
amitotic proliferation occurs in the endothelial cells. Until
the damaged capillaries recover sufficiently, the regenerative
process can not take place. The entire capillary may be
destroyed so that nothing remains to initiate the growth
process.
The metabolism of organs, the rate of blood flow, the
external tension, blood pressure changes, hydrodynamic factors,
hereditary factors, chemical nature of environment, chemical
tropism, special relationship to other vessels, and the "angle
of branching" have all been suggested by different investiga-
tors as factors which regulate blood vessel growth. No single
theory or combination of theories is completely satisfactory
in offering an explanation for embryonic vascular formation,
growth during the primary differentiation stage of capillaries,
as well as for the growth of small blood vessels in the absence
of the heart beat.
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Spontaneous capillary reduction or vascular retraction
occurs in the normal vascular pattern of adult animals. Cir-
culation stops in the capillaries before narrowing and retrac-
tion takes place. The endothelium and protoplasm of the re-
tracting vessel join the parent vessel, conserving material.
The completely retracted capillary leaves no indication of its
past existence.
Depending on the type of tissue studied, its age, the
type of stimulus used to produce injury, its concentration
and duration, experimentally induced degeneration can vary
in extend, mode, and spread.
"Ring" formations, erythrocytes clumped outside the endo-
thelial wall, "string-like" vessels and phagocytic cells were
observed by the author in a study of the degenerative pattern
observed in the retrolingual membrane of a frog in which the
left lingual artery had been ligated for eight days. A frog,
with the left lingual artery ligated for eighteen days prior
to the preparation of the retrolingual membrane, exhibited
complete disappearance of the blood vessels on the left side
of the membrane, while the right side showed a typical degen-
erative pattern.
Species differences were reported in the reactions of blood
vessels in chemical degeneration. Further, histamine, in
general produces capillary dilation, but this does not hold
true in the frog.
Inflammatory blood vessel degeneration, when of bacterial
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origin, is characterized by the migration of polymorphonuclear
leucocytes into the area first. Lymphocytes then follow. In
capillary degeneration induced by radiation the first cells
noticed in the perivascular tissue were lymphocytes, while
the leucocytes were the last cells to appear.
The regenerative growth patterns are initiated by sprout
formation and follow in almost every respect the pattern for
the embryonic blood vessels following primary differentiation.
If radiation degeneration is assumed to be aseptic in nature,
then small doses may be beneficial in stimulating capillary
regeneration; however, in large doses radiation retardation
occurs due to injury of the capillary endothelium.
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